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Edited by Vladimir SkulachevAbstract In Friedreichs ataxia, reduction of the mitochondria
protein frataxin results in the accumulation of iron and reactive
oxygen species, which leads to oxidative damage, neurodegener-
ation and a diminished lifespan. Recent studies propose that fra-
taxin might play a role in the antioxidative process. Here we
show that overexpression of Drosophila frataxin in the mito-
chondria of female transgenic animals increases antioxidant
capability, resistance to oxidative stress insults, and longevity.
This suggests that Drosophila frataxin may function to protect
the mitochondria from oxidative stresses and the ensuing cellular
damage.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Drosophila1. Introduction
Reactive oxygen species (ROS) is a normal by-product of en-
ergy production in the mitochondria. Molecules that partici-
pate in antioxidant activities protect cells against continuous
exposure to ROS, and defects in these antioxidant mechanisms
can cause irreversible cellular damage resulting in death [1–4].
Organisms with deﬁciencies in genes involved in the antioxi-
dant process are highly sensitive to oxidative stress insults
and exhibit reduced lifespan [5,6]. Several studies show that
the expression of speciﬁc mitochondrial proteins in Drosophila
can increase resistance to oxidative stress as well as extend lon-
gevity [7–9]. This implies that mitochondrial function and anti-
oxidant activity play important roles in determining lifespan.
Friedreichs ataxia (FRDA) patients and FRDA model organ-
isms with reduced mitochondrial frataxin expression have
shortened lifespans [10,11] in addition to increased oxidative
damage [12,13] and reduced mitochondrial activity [14,15].
To investigate the role of frataxin in cellular protection from
oxidative damage, we generated transgenic ﬂies overexpressing
frataxin in the mitochondria and determined their sensitivity
against ROS-generating compounds and lifespan.Abbreviations: dfh, Drosophila frataxin homolog; FRDA, Friedreichs
ataxia; HA, hemagglutinin; H2O2, hydrogen peroxide; OD, optical
density; ROS, reactive oxygen species
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2.1. Transgenic ﬂy generation and husbandry
To create the transgenic UAS-dfh lines, the coding region of the
Drosophila frataxin homolog (dfh) was subcloned from EST
AT09528 into the pINDY6 vector. The transgenic ﬂy lines were gener-
ated by the standard germline transformation method. Two transgenic
ﬂies overexpressing the full length frataxin (dfh) precursor protein were
generated containing the dfh transgene on the second (w1118;UAS-dfh2/
+;+) and third (w1118;+;UAS-dfh1/+)chromosomes. All ﬂies were main-
tained and crosses performed at 25 C, 12-h light and dark cycle con-
ditions, and placed 20 per vial on a standard mixture of corn meal,
yeast and agar ﬂy media. The ﬂies used for the oxidative stress exper-
iments and total antioxidant activity assay were placed 20–25 per vial
on Whatman paper with 5% sucrose or sucrose containing 12.5 mM
FeCl3, 20 mM paraquat or 1% H2O2.
2.2. Sub-cellular fractionation
Cytoplasmic and mitochondrial fractions were isolated by diﬀeren-
tial centrifugation using the ‘‘Mitochondria Isolation Kit’’ (Sigma–Al-
drich, St Louis, MO). All steps were carried out at 4 C. Brieﬂy, female
ﬂies were homogenized in extraction buﬀer and nuclei and debris were
removed by low speed centrifugation at 1000 · g for 5 min. Mitochon-
dria enriched fraction was obtained by pelleting mitochondria at
7500 · g for 10 min, and the supernatant contains the cytoplasmic frac-
tion. To obtain a more puriﬁed heavy mitochondrial fraction for Wes-
tern blot analysis, the mitochondria enriched fraction was spun at
1000 · g to remove contaminants, and mitochondria were further pel-
leted at 4000 · g, and washed 2 additional times. Cytoplasmic fraction
was cleared by spinning the supernatant at 13000 · g for 15 min.
2.3. Total antioxidant assay
Total antioxidant activity in the female ﬂy tissues was measured by
using the Total Antioxidant Power Assay Kit (Oxford Biomedical Re-
search, Oxford, MI). The total antioxidant level was measured as the
capacity to convert Cu2+ to Cu+ by all antioxidants. Cu+ ion forms
a stable complex with bathocuproine that was detected by measuring
the absorbance at 490 nm. The values were compared to a standard
curve obtained using uric acid as a reductant.2.4. Ingestion rate assay
This procedure was done as previously described with minor modi-
ﬁcations [17]. Ten 5–7-day-old female ﬂies of each indicated genotype
were starved in empty vials for 3 h at room temperature then trans-
ferred into new vials containing Whatman paper with 5% sucrose,
1% FD&C Blue #1 dye (Hilton Davis LLC, Cincinnati, OH), and
either 12.5 mM FeCl3, 20 mM paraquat, or 1% hydrogen peroxide.
After 12 h at room temperature, the ﬂies were homogenized in
500 ml PBS and the absorbance at 625 nm measured. This was re-
peated 3 times for a total of 30 ﬂies of each genotype at each condition.
2.5. Real-time RT-PCR
One lg of total RNA from the adult female ﬂy was isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA), converted to cDNA
using SuperScriptII reverse transcriptase (Invitrogen, Carlsbad,
CA) then, used for real-time PCR with SYBR Green reagentblished by Elsevier B.V. All rights reserved.
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Fig. 1. Transgenic ﬂies have increased frataxin transcript levels and the frataxin protein is expressed in the mitochondria. (a) Transcription levels of
frataxin are signiﬁcantly increased in transgenic ﬂies when measured by real-time quantitative RT-PCR. Each bar graph represents the
mean ± S.E.M. of 10 female ﬂies each measured in triplicate (P value < 0.001). (b) Western blot analysis was performed using antibodies speciﬁc for
HA and ATP synthase b. Frataxin tagged with HA is found predominately in the mitochondrial fraction (Mito), not in the cytoplasmic fraction
(Cyto), when 10 lg of protein was loaded in each lane. Fractions were isolated by diﬀerential centrifugation using the Mitochondria Isolation Kit
(Sigma–Aldrich, St Louis, MO). ATP Synthase b is used as marker for mitochondria.
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Fig. 2. Transgenic ﬂies overexpressing frataxin exhibit enhanced resistance to oxidative stress. (a–c) Frataxin transgenic ﬂies exhibit resistance to
toxic iron levels and oxidative stress compounds. Survival curves of one-week-old female ﬂies maintained in 12.5 mM FeCl3 (a) 20 mM paraquat (b)
or 1% H2O2 (c) in 5% sucrose on Whatman paper at 25 C (with prior starvation for 3 h). The number of live ﬂies was counted daily for the duration
of their lifespan and 20 ﬂies were used per vial. The total number of ﬂies in each experiment is listed in Table S1. (d) The food ingestion rate in
frataxin overexpression ﬂies is similar to that of controls. Homogenates of female ﬂies starved and fed FD&C Blue #1 in 5% sucrose along with toxic
compounds were measured for optical density (OD) at 625 nm. The value of the control was normalized to 1. Values represent mean ± S.E.M., n = 3.
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A.P. Runko et al. / FEBS Letters 582 (2008) 715–719 717(Applied Biosystems, Foster City, CA). The forward primer 5 0ACGA-
TTTCGTCGGCACTGT3 0 and the reverse primer 5 0TTAACTA-
CAGTAGGGCAGGC3 0 were designed from mRNA sequence using
PrimerExpress software v1.0 (Applied Biosystems) to amplify
150 bp near the 3 0 end of dfh mRNA. Thermocycling was conducted
in the ABI 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA) according to manufacturers protocol. Sequence
Detection System Ver. 1.7 software (Applied Biosystems, Foster
City, CA) was used to analyze ampliﬁcation plots. The relative quan-
tity of ampliﬁed cDNA corresponding to each gene was calculatedTotal Antioxidant P
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Fig. 3. Frataxin overexpressing transgenic ﬂies have increased total antiox
antioxidant capacity in the transgenic ﬂies. Transgenic female ﬂies exhibit a
maintained in 12.5 mM FeCl3 in 5% sucrose on Whatman paper at room tem
power assay (Oxford Biomedical Research, Oxford, MI) measured the combin
Cu2+ to Cu+. The data was quantitatively measured by absorption spectro
equivalents. Values represent mean ± S.E.M., P < 0.0002, n = 5 assays of 25
extends lifespan of ﬂies. Survival curves of newly eclosed virgin female ﬂies ma
live ﬂies was counted daily for the duration of their lifespan. The ﬂy food med
number of ﬂies in each experiment is listed in Table S2.using the comparative Ct method and normalized for expression of ac-
tin5C using forward primer 5 0TGGTCTTGATTCTGCTGGAGG3 0
and reverse primer 5 0GATGGTGTGCAGGTGGTTCC3 0 in each
sample.2.6. Lifespan determination
Newly eclosed female ﬂies were collected and raised in standard
cornmeal agar medium at 25 C under 12-h light and dark cycle con-
ditions. Flies were placed 20 per vial and were transferred to freshower
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idant activity. (a) Mitochondrial overexpression of frataxin increased
>35% increase in total antioxidant capacity compared to control ﬂies
perature for 48 h (with prior starvation for 3 h). The total antioxidant
ed action of the antioxidants provided by the protein sample to reduce
photometry and expressed as the fold change in lM copper reducing
female ﬂies each measured in triplicate. (b) Frataxin overexpression
intained in normal ﬂy food media at room temperature. The number of
ia was changed every 4–5 days and 20 ﬂies were used per vial. The total
718 A.P. Runko et al. / FEBS Letters 582 (2008) 715–719vials every 4 days. The number of dead ﬂies was counted every day.
Total numbers of ﬂies used in lifespan determination were 113 for
w1118;+;Actin  5C-Gal4/UAS-dfh1, 112 for w1118;UAS-dfh2/+;Actin 
5C-Gal4, 119 for w1118;+;UAS-dfh1/Sb,82for w1118;UAS-dfh2/Cyo;+,
65 for w1118. Survival studies for each genotype were done simulta-
neously in the same location.2.7. Statistics
A two-tailed Students T-test was performed for the analysis in Figs.
1a and 3a.3. Results and discussion
3.1. Overexpression of frataxin in mitochondria
The amino acid sequence of frataxin protein is well con-
served among diﬀerent organisms including yeast, C. elegans,
Drosophila, and mammals. The Drosophila frataxin homolog
(dfh), 52% identical to human frataxin, has been isolated and
characterized [18]. Using the UAS–GAL4 system, we gener-
ated transgenic ﬂies overexpressing the full length frataxin
(dfh) precursor protein, which contains an N-terminal mito-
chondrial targeting sequence. For the purpose of Western blot
detection of the frataxin protein, the hemagglutinin (HA) epi-
tope tag was cloned into the C-terminus of the protein. To
yield ubiquitous frataxin expression in the ﬂy, transgenic lines
carrying the UAS-dfh transgene were crossed to the Actin-5C-
GAL4 driver line [19]. As expected, real-time quantitative RT-
PCR shows that the dfh transcript levels are signiﬁcantly in-
creased (Fig. 1a). Western analysis of protein extracts from
the Actin-5C-Gal4/UAS-dfh ﬂy line shows that the HA tagged
frataxin protein is predominately expressed in the mitochon-
drial fraction (Fig. 1b).3.2. Frataxin transgenic ﬂies are resistant to oxidative stress
FRDA models with reduced frataxin expression exhibit
mitochondrial iron accumulation and oxidative damage
[10,20], and transgenic ﬂies with silenced frataxin expression
are more susceptible to iron toxicity [21]. Therefore, we
hypothesized that increased frataxin might protect animals
against elevated iron concentrations. Two independent trans-
genic lines were analyzed to avoid a potential insertion site po-
sition eﬀect. Since sex-speciﬁc eﬀects are evident in lifespan
[16,22,23], we tested only female ﬂies. One-week-old dfh trans-
genic ﬂies raised at 25 C were treated with 12.5 mM FeCl3 and
counted daily for viability. Flies that overexpress dfh in the
mitochondria were found to exhibit a signiﬁcant tolerance to
iron-induced stress, while control ﬂies exhibit high sensitivity
to iron (Fig. 2a and Table S1). This suggests that frataxin over-
expression in the mitochondria may mitigate iron-induced oxi-
dative stress.
To test whether the dfh transgenic ﬂies are also resistant to
other oxidative stress conditions, we examined the eﬀect of
paraquat and hydrogen peroxide on the ﬂies. Female ﬂies
were treated with paraquat (methyl viologen), a toxin that
interferes mitochondrial complex I and generates free radicals
[24,25], as well as with hydrogen peroxide (H2O2), an oxidiz-
ing agent. The dfh transgenic ﬂies were found to exhibit an
increased tolerance to both of the compounds when com-
pared to control ﬂies (Fig. 2b, c and Table S1). This indicates
that mitochondrial frataxin may participate in protecting cells
against oxidative insults such as paraquat and hydrogen per-oxide. This is consistent with the recent ﬁnding in mammalian
cell culture that frataxin expression can suppress ROS pro-
duction and apoptosis [26]. To ensure that changes in sensi-
tivity to oxidative stress did not result from altered
ingestion rate, we measured the uptake of food dye, FD&C
Blue #1, in 5% sucrose along with toxic compounds in ﬂies
used in the oxidative stress test, and no changes in consump-
tion were found (Fig. 2d).
Next, to examine whether the resistance to oxidative stress
accompanies an enhancement of antioxidant activity, we mea-
sured the total antioxidant power in the transgenic female ﬂies
using a bathocuproine dye-base colorimetric assay. Flies over-
expressing dfh in the mitochondria produced signiﬁcantly high-
er levels of total antioxidant activity (>35%) when compared
to control ﬂies treated with iron (Fig. 3a). This implies that
mitochondrial frataxin overexpression protects the ﬂies from
oxidative stress by increasing antioxidant defense, allowing
for viability in oxidative-damaging conditions.
3.3. Frataxin transgenic ﬂies increase lifespan
Mitochondrial damage due to oxidative stress are associated
with aging, disease progression as well as reduced lifespan
[3,6,27]. In FRDA and FRDA models, reduced frataxin
expression levels result in the accumulation of oxidative dam-
age and shortened lifespan [10,28]. To determine whether the
increased antioxidant activity in the dfh overexpressing trans-
genic ﬂies is suﬃcient to extend Drosophila longevity, we mea-
sured the lifespan of transgenic virgin female ﬂies. We ﬁnd that
ﬂies overexpressing dfh in the mitochondria have a 35% in-
crease in their median lifespan (73 days) and a 28% increase
in their maximum lifespan (106 days) when compared to the
averages of the control ﬂies (w1118;+;UAS-dfh1/Sb, w1118;
UAS-dfh2/Cyo;+ and w1118: 54 and 83 days, respectively)
(Fig. 3b and Table S2). Our data support that overexpression
of frataxin in the mitochondria can reduce oxidative damage
and promote survival, and this may result in the observed lon-
gevity extension. However, we cannot exclude a possibility that
frataxin overexpression may increases lifespan independent to
its antioxidant mechanism.
Mitochondria are the primary intracellular generators of
ROS and target of oxidative damage. Since antioxidant de-
fenses moderate oxidative damage in cells, attenuation of these
activities causes signiﬁcant changes in resistance to cell-damag-
ing oxygen radicals and in lifespan. Our studies demonstrate
that overexpression of frataxin in the mitochondria of trans-
genic ﬂies protects cells from oxidative stress and this antioxi-
dant activity may contribute to the increase in longevity.
Furthermore, these results suggest that the mitochondrial fra-
taxin protein may play an important role in the modulation of
oxidative stress pathways during the aging process and FRDA
disease progression.
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